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Medical School, Worcester,
MassachusettsMuscles contract via interaction be-
tween thick (myosin-containing) and
thin (actin-containing) filaments in
response to increased levels of cal-
cium. During contraction, the myosin
heads extend from the thick filament
surface and attach to actin in the thin
filaments, causing the filaments to
slide past each other in a cyclic, ATP-
driven process. Between contractions
(the relaxed state), the myosin heads
lie close to the thick filament surface,
in an ordered arrangement, away
from the thin filament (1). Regulation
of contraction in most muscles lies
with the thin filaments, where the bind-
ing of calcium by troponin causes a
shift in tropomyosin that allows
myosin heads to bind to actin (2). A
characteristic head conformation,
known as the interacting heads motif
(IHM), is associated with the relaxed
state of myosin in all muscle types
studied so far (Fig. 1) (3–6). This
conformation involves an asymmetric
interaction between the motor domains
of the two myosin heads, resulting in
blocking of actin binding by one (the
blocked head) and inhibition of the
ATPase of the other (the free head),
thus inhibiting the activity of both.
The IHMs are arranged on the thick
filament surface in helical (inverte-
brate) or quasi-helical (vertebrate)
strands, with an axial spacing of
~145 A˚ and helical repeat close tohttp://dx.doi.org/10.1016/j.bpj.2015.07.019
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0006-3495/15/08/0665/3430 A˚ (1,7). This results in successive
crowns of circumferentially arranged
IHMs. The motifs are sufficiently close
to each other along the helical paths to
allow interaction between adjacent
crowns (4–6). These interactions are
thought to contribute to further inhibi-
tion of head activity, leading to the
superrelaxed state of thick filaments
where the ATPase activity is lower
than observed for single molecules (8).
During muscle activation by cal-
cium, the relaxed head-head interac-
tions are disrupted, the IHM
conformation is no longer observed,
and helical order is lost. This allows
the motor domains of the heads to
bind to actin and participate in the
cross-bridge cycle that results in fila-
ment sliding. Intriguingly, myosin in
vertebrate muscles is not directly sen-
sitive to calcium (thus isolated thick
filaments retain their relaxed structure
even in calcium’s presence). So how
is calcium activation of the thin fila-
ments communicated to the thick fila-
ments in the myofibril? This missing
link has been a puzzle for muscle re-
searchers over several decades.
Part of the answermay lie in the pres-
ence of an additional protein (myosin
binding protein C or MyBP-C) bound
to the middle third of each half-thick
filament (known as the C-zone).
MyBP-C appears to form bridges be-
tween the thick and thin filaments in
the relaxed state (Fig. 1) and may there-
fore convey information about the onset
of thin filament activation to themyosin
heads in the C-zone (9,10). But such a
system must be only part of the story,
as myosin heads in the outer regions
of the thick filament (the D-zones),
which lack MyBP-C, are still able to
respond to thin filament activation.
The article by Fusi et al. (11) in this
issue of the Biophysical Journal sheds
more light on this question. The au-
thors bind bifunctional fluorescence
labels to the regulatory light chain
(RLC) of myosin and are able to use
polarization measurements to monitor
the orientation of the myosin lever
arm over a range of conditions in intactskinned rabbit skeletal muscle fibers.
The results demonstrate the presence
of three specific lever arm orientations
under relaxing conditions at near phys-
iological temperature, termed RX1,
RX2, and RX3. Two of these are close
to those of the free (RX2) and blocked
(RX3) heads in an atomic model of the
IHM derived from a relaxed inverte-
brate thick filament, where the lever
arms are nearly parallel to the filament
axis (4). This result provides direct
support for the presence of the IHM
motif in intact muscle, which was pre-
viously only demonstrated in isolated
filaments. Remarkably, the third state
(RX1) is associated with an RLC
orientation roughly perpendicular to
the filament axis and is similar to
that observed under rigor conditions,
where the myosin heads are known to
be bound to actin in the thin filament.
In relaxing conditions, close to physio-
logical temperature, it is estimated
that ~30% of the myosin heads have
this rigorlike RLC orientation. None
of these orientations is observed in
activated muscle, suggesting that
they are exclusively relaxed state
conformations.
This observation raises the intriguing
possibility that there exists a significant
population of myosin heads in the
relaxed thick filament that do not corre-
spond to either the free-like or blocked-
like conformations of the IHM. What
could be the function of these non-
IHM-like heads, and where are they
located on the filament? One possibility
is that these heads act as sensors that
continually probe the thin filaments to
detect whether actin binding sites
have become available by activation
(through calcium-induced tropomyosin
shift, which x-ray diffraction has shown
to be the earliest structural change
occurring after calcium release (12)).
The authors suggest that strong binding
of these sentinel heads (Fig. 1) to actin
upon thin filament activation may be
transmitted back to the thick filament
FIGURE 1 Communication of thin filament activation state to thick filament may occur through
MyBP-C or through sentinel myosin heads. (A, actin; Tn, troponin; Tm, tropomyosin;MD, myosin mo-
tor domain; RLC, regulatory light chain; LA, lever arm; IHM, interacting heads motif; SH, sentinel
head; and MyBP-C, myosin binding protein C.) To see this figure in color, go online.
666 Woodhead and Craigby disrupting the interactions between
IHMs along the helical tracks and thus
cooperatively switching on thick fila-
ment activity (see also Cooke (8)). Sup-
port for this possibility comes from
electron microscopy (EM) of cardiac
muscle thick filaments. Three-dimen-
sional reconstruction of the C-zone
suggests that the heads in every third
crown are more disordered than in the
IHM conformations of the other two
crowns, consistent with an increased
mobility (and possible dynamic prob-
ing function) of these heads (5). If
all the heads at every third level along
the filament had the rigorlike RLC
orientation, this could account for the
~30% observed in this state. However,
there is structural evidence that the
conformation of heads in the D-zone
may be different from that in the
C-zone, making this region another
possible candidate for the location of
the perpendicular lever arms. While
the authors favor this possibility, it
should be noted that the fluorescence
polarization technique does not provide
information on the specific locations of
labels in the different orientations.
Three-dimensional reconstruction of
the D-zone should help to answer this
question.
Interestingly, a proportion of myosin
heads in isolated cardiac thick fila-
ments have been observed by EM to
bind to thin filaments in both the C-
and D-zones under relaxing conditions
(13), indicating that heads in both re-
gions may be possible candidates for
the more perpendicular conformation.Biophysical Journal 109(4) 665–667However, such interactions are not
observed with relaxed skeletal thick
and thin filaments, although both sys-
tems are rapidly activated. Therefore,
caution should be exercised when
comparing cardiac with skeletal thick
filaments. Finally, the forces holding
the IHM conformation together are
relatively weak, thus allowing the
component heads some freedom of
movement. Individual IHMs have a
range of head conformations in dy-
namic equilibrium with each other,
and the IHM observed by EM is only
an average of these structures. Thus,
even heads nominally in the IHM
conformation may spend part of their
time acting as thin filament sensors.
The results in this article nicely
complement those from EM. Because
EM images of isolated thick filaments
are obtained in the absence of the
myofibrillar filament array, the
possible effect of adjacent thin fila-
ments is lost. One important advantage
of the approach of Fusi et al. (11) is
that the myosin RLC orientations are
studied within the complete filament
lattice and therefore include the effect
of myosin interactions with thin fila-
ments; indeed, a stabilizing effect of
thin filaments on the IHM structure is
suggested by enhancement of the
RX2 and RX3 populations of heads
that occurs upon compression of the
lattice to its in vivo dimensions.
Another advantage of the approach of
Fusi et al. (11) is that the experiments
were performed on intact, skinned
muscle fibers, so shifts in dynamicequilibrium between conformational
states could be observed. Limitations
of the technique include the absence
of information on the locations of
different conformations (not a limita-
tion of EM), and the fact that the labels
report only the orientation of the RLC
on the lever arm and not the conforma-
tion of the motor domain (the part of
the myosin head that actually interacts
with thin filaments). Nevertheless, the
results of Fusi et al. (11) point to a
possible structural mechanism of inter-
filament communication that may at
last explain the perplexing question
of how thick filaments, intrinsically
insensitive to calcium, can be so
rapidly activated to produce the exqui-
sitely controlled twitch contractions
characteristic of vertebrate movement.ACKNOWLEDGMENTS
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